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Abstract — In this paper performance evaluation and
experimental characterization of a new automatic
method for measuring vertebrae are analysed.
Starting to a discrete valid geometric model of the
vertebra, obtained from CT-scans or 3D scanning, the
method measures algorithmically vertebrae. The
proposed study is performed by analysing the most
used dimensional features of lumbar and thoracic real
vertebrae in anthropological investigations. The
results are compared with the state-of-the-art methods
for vertebra measurement.

I.  INTRODUCTION AND RELATED WORKS

Some geometric and dimensional parameters of the
human vertebrae are usually analysed to gather some
evidences useful in different fields. These dimensional
features are wused in related literature in the
anthropological and forensic investigations for body mass
estimation [1], identification of the height, posture and
locomotion mode of a subject [1], gender, age and
ethnicity of the subject ([2] and [3]). In every previously
described applications, measures are required to be
accurate enough to discriminate the factor being
investigated.

The measurements on real vertebrae are commonly
performed with a sliding caliper and a goniometer.
However, in the last few years, the Coordinate Measure
Machines (CMM) are being widely used too. When the
vertebra is available in the form of a 3D geometric model
(as it is the case of CT-scans) its measurement is
performed as point-to-point distance between points
manually selected by the operator in a specific software.
All these approaches to vertebra measurement are
affected by wide uncertainties. At the purpose to reduce
the measurement uncertainties, recently, the authors
presented a new automatic approach to measure vertebra
starting from a 3D model of the vertebra obtained from
CT-scans or 3D scanning [4]. A similar approach has been
proposed to measure automatically the most important
dimensional features detectable in teeth [].

In this paper, the intra-tester repeatability and inter-
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tester reproducibility of the contact methods are
compared with those of a new method [4]. The
performance evaluation and experimental
characterization of methods are performed by analysing
the most significant measuring features of real vertebrae.

II. MATERIALS AND METHODS

The human vertebrae can be classified into three main
categories: lumbar, dorsal and cervical. In this paper, the
lumbar and thoracic vertebrae are considered, since they
have a similar morphology and the same dimensional
features. The most used dimensional features of the
lumbar and thoracic vertebrae in anthropological
investigations are:

Spinous process length (spl) ([6]);

Spinous process angle (spa) ([7]);

Superior and inferior vertebral body length (svbl
and ivbl) ([3]);

Superior and inferior vertebral body width (svbw
and ivbw) ([3]);

Anterior and posterior lateral vertebral body
height (avbh and pvbh) ([3]);

Vertebral canal length (vcl) ([8]);

Vertebral canal breadth (veb) ([8]).
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A. Traditional contact methods

The traditional methods wused to measure the
dimensional features, here analysed, are those with
sliding caliber and CMM machine. In this paper, the
measurements with CMM are carried out by the 7-axis
Faro Edge contact measurement system with 3-mm
zirconia ball i-probe (Faro Company, USA, accuracy of
0.029 mm). Fig. 1 reports the definitions of measurement
by using these methods.

B. The new automatic method

The new automatic method proposed in [4] requires a
3D discrete model of the vertebra obtained from CT-scans
or 3D scanning. In this paper, the 3D point acquisition of
the data is carried out by a calibrated FARO® Edge, 9 ft
(2.7m) laser scanner (where the single point repeatability



IMEKO International Conference on
Metrology for Archaeology and Cultural Heritage
Torino, Italy, October 19-21, 2016

Inferior vertebral body length (ivbl) ([3]): distance, in the sagittal plane,
between the anterior and posterior borders of the inferior vertebral body.
Inferior vertebral body width (ivbw) ([3]): distance, in the transverse
plane, between the left and right borders of the inferior vertebral body.

Spinous process length (spl) ([6]): Distance, along the axis of the spinous process,
between the posterior-most point of the superior border of the vertebral canal at the
midline and the distal-most tip of the spinous process.

Spinous process angle (spa) ([7]): Angle between the midline of the cranial end of the
body and the cranial edge of the spinous process.

E rvbh Anterior and posterior lateral vertebral body height (avbh and pvbh) ([3]): distance, in
f v the sagittal plane, between the central borders of the superior and inferior vertebral body,
: anteriorly and posteriorly, respectively.

Left and right lateral vertebral body height (Ivbh and rvbh) ([3]): distance, in the frontal
plane, between the superior and inferior lateral vertebral body borders.

the anterior and posterior borders of the superior vertebral body.
Superior vertebral body width (svbw) ([3]): distance, in the transverse plane,
" svbw | between the left and right borders of the superior vertebral body.
\ # VVCb Vertebral canal length (vcl) ([8]): the measure of the maximum dorsoventral
\ L 1 diameter of the cranial end of the vertebral canal.
- Vertebral canal breadth (veb) ([8]): the measure of the maximum mediolateral
\ \ diameter of the cranial end of the vertebral canal.

.‘" \ T Superior vertebral body length (svbl) ([3]): distance, in the sagittal plane, between

svbl vel =

Figure 1. The measuring features of the vertebra
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is certified by the manufacturer from 0.024mm to
0.064mm and the average point spacing of the point
cloud has been set to 0.1 mm). The processing of point
cloud for the generation of the geometric model needs
some interaction with the operator (figure 2):

- points clouds filtering;

- points clouds registration;

- points cloud tessellation and error rectification.
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Fig. 2. Flow chart of point cloud processing for the
generation of a 3D discrete valid geometric model

These procedures, with the exception of point cloud
registration processes are, however, codified and,
consequently, easily reproducible and repeatable. This
phase is mandatory since the whole vertebra cannot be
scanned in only process, but require that two or more
point cloud are registered each other. In this paper, the
registration is performed by the classical /CP method.

Once a valid geometric model is available, the method
analyses a vertebra in algorithmically, without any
interaction with the operator. Firstly, the method performs
a preliminary identification of six derived geometric
features of the vertebra (figure 3):

- The symmetry plane Il of the vertebra detected in

according to the method proposed in [9]];

- The vertebral cylinder 2 (radius r. and axis a.),

approximating the vertebral foramen VF:
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- The coronal plane I1., which divides the vertebra
into the body and the posterior element;

- The middle plane 11, of the body;

- The second coronal plane Iz, which is assumed to
be the plane which is perpendicular to the
symmetry plane and partitions the body of the
vertebra;

- The axis of the posterior spinous process a;.

These geometric entities are constrained by one another

as follows:
Mg, Mg, My LIg; M, LI
ac = llgn Il ;as € I M)

The rules to detect each of above-mentioned derived
geometric features are reported in [4].

Once the characteristic planes are detected, the
dimensional features of the vertebra can be evaluated.
The Figure 4 reports the rules for the identification of the
dimensional features here considered. The dimensional
features are grouped together according to the
characteristic plane on which they are identified.

as

Fig. 3. The main geometric features of a vertebra.

C. The sample of vertebrae

In order to characterize the methods, a set of eight
vertebrae (five thoracic, labelled from 7/ to 75 and three
lumbar labelled from L/ to L3) have been used. These
vertebrae are randomly selected from three non-
pathological complete adult skeletons. An experienced
spinal researcher has visually inspected each vertebra in
order to exclude pathological diseases.

III.  RESULTS AND CONCLUSION

Since any measurement uncertainties in the
dimensional features result from the contribution of both
intra-tester repeatability and inter-tester reproducibility,
in this paper a specific experimentation is carried out to
analyse these two components of measurement error.

The testers are 12 medical students, in the fifth year of
their medical course and onwards, trained appropriately.



Let us consider, then, that the intra-tester repeatability
and the inter-tester reproducibility of the measurements
have been made according to the corresponding
previously reported protocols. Nonetheless, all the testers
have been blinded to the results of the measurements.
Each set of measures has been subjected to the
Kolmogorov-Smirnov test to check whether the data is
normally distributed. In this case, the P values recorded
are, in all cases, higher than 0.05, which indicates a
normal distribution of all variables.

In order to evaluate the Intra-tester repeatability (TRA)
of the traditional methods (C&G and CMM), each of the
12 testers have performed 20 measures for each
dimensional feature of eight vertebrae, under repeatability
experimental conditions. Regarding to the new automatic
method (4Q), each vertebra has been scanned 20 times,
under the same operative conditions by same operators
and each 3D geometric model has been processed by the
software implementation of the proposed method. In any
cases, the Intra-tester repeatability (TRA) is evaluated as
the standard deviation of the 20 performed measures for
each vertebra and geometrical feature. In the table 1, by
way of example, the mean values of 7RA for the
vertebrae labelled 7/ and L/ are reported. However,
similar values have been found for the other vertebrae.
The repeatability of traditional methods in the
dimensional features, in many cases does not permit to
discriminate the factor being investigated. Regarding the
AQ method, since the parameters are calculated
algorithmically, the Intra-tester repeatability is affected
mainly by the point cloud registration process, rate
sample of the model and the measuring noise. The
repeatability of the AQ method is, in any of the tested
cases, greater than that observed in the traditional
methods (C&G and CMM). The repeatability of the
geometrical features, intrinsically more complicated to
measure with traditional methods (such as sp/ and spa), is
of the same order of magnitude of the other ones.

In order to evaluate the inter-tester reproducibility of
the traditional methods, each of the 12 testers evaluates
the dimension of the feature as the mean value of three
measurements. Concerning the 40 method, each vertebra
has been acquired three times and each geometric model
processed. In any cases, the inter-tester reproducibility
(TER) is evaluated as the standard deviation of the 12
measures performed for each dimensional feature by the
different testers. The degree of reproducibility reached
through the proposed method is higher than that shown
through the other methods for all the dimensional
features: it is on average 6 times lower than with the
C&G (table 2). Table 3 reports the mean values of the
measures for 7/ and L/ taken with the three methods.
Wide differences can be observed which are mainly due
to the different measuring protocols used for each method
that follows a different criterion for identifying the
measuring references. Therefore, there is no identifiable

reference value of the measure for an accurate evaluation.

Since any measurement uncertainties in the
dimensional features result from the contribution of both
intra-tester repeatability and inter-tester reproducibility,
the carried out experimentation shows, as the proposed
method is more accurate than the state-of-the-art. The
high accuracy of the method and the objective measures,
which it provides, may open up the road to new
investigations in anthropology. Furthermore, due to the
comparatively shorter time required for the scanning
process and for the next data processing, the proposed
method makes it possible to process a relatively large
number of vertebrae quickly and easily, without an
operator with special skills, such as an anthropologist or
an anatomist.
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Measurements on sagittal plane

vel is assumed to be the minimum distance between the points pertaining to /7, cand I

spl is conventionally evaluated along the ag direction

spa is calculated as the angle between a, and ag

svbl (ivbl) is the largest distance between the upper (lower) portion of the anterior and
posterior part of 7, whose dimension line is parallel to ap,s.

pvbh (avbh) is the largest distance between the posterior (anterior) portion of ag and agj,
whose dimension line is perpendicular to ag m.

Measurements on coronal planes

veb is assumed to be the m%nimum distance . Re Ivbh (rvbh) is the maximum height of the
between the points pertaining to /7, - and left (right) portion of 77 (intersection
I, » whose dimension line is between the vertebra and Ilg), whose
perpendicular to the projection of a. onto dimension line is perpendicular to IT,.

HC (ac°)

Measurements by middle plane

svbw (ivbw) is the largest distance, measured parallel to
the coronal plane, between all the body points which are
over (under) the middle plane and projected onto IT,,.

Figure 4. Rules for the determination of the parameters with the proposed method.
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Table 1. Comparison of intra-tester repeatability

Spinous Process Body Vertebral canal

vertebra Method TRAg, | TRAg,, | TRAwy | TRAww | TRAwy | TRA by | TRAwwn | TRA by | TRApn | TRApypn | TRA e, | TRA
AQ 0.11 0.17 0.05 0.10 0.20 0.08 0.18 0.16 0.12 0.12 0.05 0.14
Tl C&G 0.41 7.63 0.24 0.38 0.23 0.38 0.19 0.54 0.09 0.25 0.26 0.26
CMM 1.58 5.37 0.58 0.96 0.88 0.74 0.56 0.66 0.44 0.66 0.88 0.91
AQ 0.07 0.15 0.08 0.05 0.21 0.15 0.16 0.15 0.10 0.09 0.15 0.09
Ll C&G 0.59 7.10 0.36 0.31 0.22 0.25 0.38 0.38 0.28 0.43 0.15 0.28
CMM 1.31 6.69 0.36 0.55 0.27 0.52 0.30 0.67 0.17 0.60 0.16 0.77

Table 2. Comparison of inter-tester reproducibility

Spinous Process Body Vertebral canal

vertebra Method TER, | TER,, | TER,, | TERy,, | TER;y | TERbw | TERbh | TERwby | TERon | TERpy | TER,, | TERg
AQ 0.20 0.18 0.14 0.10 0.07 0.08 0.19 0.18 0.12 0.14 0.08 0.16
Ti C&G 0,46 8,30 0,21 1,35 0,13 0,47 0,25 0,61 0,13 0,16 0,31 0,33
CMM 1.90 3.95 0.70 1.32 0.59 0.66 0.44 0.47 0.47 0.58 1.32 1.62
AQ 0.24 0.32 0.18 0.20 0.11 0.19 0.10 0.12 0.16 0.11 0.16 0.18
Ll C&G 2,02 13,71 0,41 0,35 0,10 0,27 0,39 0,39 0,20 0,43 0,17 0,67
CMM 0.52 6.80 0.45 0.45 0.16 0.50 1.09 0.85 0.11 0.76 0.18 0.70

Table 3. Comparison of the mean value of the obtained measures

Spinous Process Body Vertebral canal
vertebra Method Mgpi Wspa Mgybi Msvbw Mivhi Wivbw Mivbh Mrvbh Mavbh Mpvbh Myeb Myel
AQ 44.44 108.29 20.56 29.11 20.61 28.11 16.64 17.21 15.67 17.81 14.08 13.16
TI C&G 44.44 121.14 20.28 28.24 20.95 27.74 17.90 17.61 15.87 18.56 14.11 13.23
CMM 44.51 115.73 22.48 30.62 22.77 30.28 21.25 20.45 18.41 21.09 12.35 12.92
AQ 27.94 139.21 28.59 42.68 28.66 46.13 23.18 2291 22.64 24.05 18.70 12.73
Li C&G 27.19 145.05 29.09 43.09 28.95 46.15 23.07 23.37 22.78 25.07 18.54 12.85
CMM 28.20 152.88 31.69 45.54 31.93 48.57 25.59 26.05 25.55 27.18 15.47 11.16
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